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Varactor-Loaded Transmission-Line Phase Shifter at
C’-Band Using Lumped Elements

Frank Ellinger, Member, IEEE, Heinz Jackel, Member, |EEE, and Werner Béchtold, Fellow, IEEE

Abstract—The design of varactor-loaded transmission-line
phase shifters using lumped elements is discussed in this paper.
A monolithic-microwave integrated-circuit phase shifter is fabri-
cated to verify the proposed topology. Only one control voltage
is required for phase control. Within a continuously adjustable
phase-control range of 360° and a frequency range from 5 to
6 GHz, alow transmission lossof 4 dB + 1.7 dB ismeasured. The
phase shifter is realized with a commercial 0.6-pm gallium-ar-
senide MESFET process and requiresa chip area of only 0.8 mm?2.
To the knowledge of the authors, the best results reported to date
are reached for a continuously adjustable passive phase shifter
with comparable circuit size. The presented circuit is well suited
for wireless adaptive antenna transceivers, operating in accor-
dance to the 802.11a, high-perfor mance radio local-ar ea-network
and high-speed wireless-access-network type-a standards.

Index Terms—Adaptive antenna combining, monolithic micro-
wave integrated circuit (MMIC), phase shifter, varactor, wireless
local area network (WLAN).

I. INTRODUCTION

HE market forecasts for high-speed wireless local area
networks (WLANS) are very promising [1]. Within the
WLAN market, the802.114a, high-performanceradio local-area
network (HIPERL AN) and high-speed wirel ess-access-network
type-a (HiISWANa) standards will play an important role in the
U.S., Europe, and Japan, respectively. Adaptive antenna com-
bining in the RF path is proposed to circumvent performance
degradations caused by indoor multipath propagation [2].
Phase shifters are required for such adaptive antenna systems
to set the phase of each antenna path. These phase shifters
have to meet high requirements since they should have a
continuously adjustable phase with a phase-control range of
360°, low transmission loss, low transmission-loss variation,
low control complexity with single control voltage, adequate
large-signal performance, and low or no dc power consumption.
Furthermore, the phase shifters should be compact and low
cost to enable commercia applications. In adaptive antenna
receivers, the transmission loss and the transmission-loss
variation can be compensated by the variable-gain low-noise
amplifiers (VGLNAS) located in front of the phase shifters. Low
power-consuming VGLNAs with a high-gain/dc-power-con-
sumption figure-of-merit of up to 10 dB/mW have been
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reported in [3] and [4]. They have been fabricated on the same
commercial GaAs MESFET technology as the phase shifter
presented in this paper.

Many different passive and active phase-shifter monolithic
microwave integrated circuits (MMICs) have been reported in
literature [5]. A switched high-pass/low-pass phase shifter for
the K -band with 5-bit resolution has been reported in [6]. This
type of phase shifter has the advantage of not requiring dig-
ital-to-analog converters (DACs) for setting the control volt-
ages. Unfortunately, thistopology requiresalarge chip areaand
has a limited phase precision.

Active vector-modul ator-based phase shifters (VMPSs) with
very low power consumption [7], [8] and an ultra-compact
passive VMPS [9] at the C-band have been presented. These
VMPSs have a significant disadvantage. For 360° phase
control, they need three control voltages, thereby having ahigh
control complexity and requiring three costly and power-con-
suming DACs.

An active phase-shifter topology at the S-band using variable
resonant circuits has been reported in [10]. Unfortunately, this
phase shifter consumes a high dc power.

Ultra-compact phase shifters at the C'-band with 210° and
360° phase-control range have been presented in [11] and [12],
respectively, using the well-known reflective-type phase-shifter
(RTPS) topology. The branch-line couplers have been substi-
tuted by lumped elementsto minimizethecircuit size. Thesecir-
cuits have relatively high losses, high-loss variations, and lim-
ited frequency bandwidths.

At the Ku-band, a phase-control range of 180° has been
reached for an al-pass network-type phase shifter using two
transmission lines with quarter-wavelength [13].

The loss variation of a K -band RTPS has been significantly
reduced by using a complementary bias technique [14]. Unfor-
tunately, this topology requires a relatively high control com-
plexity and additional chip area.

Active inductors have been used for the reflective loads of
an RTPS[15]. Very low loss and a phase-control range of 225°
have been reached with this approach. However, significant dis-
advantages of thiswork are the high dc power consumption and
the high noise figure.

A phase shifter with 360° phase control, low loss, low-loss
variation, and high-frequency bandwidth has been realized with
avaractor-loaded coplanar waveguide [16], which needs arela-
tive large circuit area.

Microelectromechanical system (MEMS) technology has
been applied for transmission-line phase shifters at the U- and
W-band [17].
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Fig. 1. Varactor-loaded transmission-line phase shifter using distributed low-
pass structuresrealized by lumped elements. Neighboring varactor capacitances
can be combined.

In order to significantly decreasethecircuit size, thetransmis-
sion line can be substituted by distributed low-pass structures
consisting of lumped elements. A corresponding phase shifter
with a phase-control range of 90° has been briefly presented in
[18].

In this paper, the design procedure, optimization, and design
tradeoffs of such varactor-loaded transmission-line phase
shifters are elaborately discussed. An ultra-compact C-band
MMIC phase shifter is presented to verify the proposed design
considerations. Only one control voltage and one simple DAC
is required to adjust the phase. A phase control of 360°, low
loss, and excellent large-signal properties are reached using
commercial low-cost GaAs technology. To the knowledge of
the authors, the best performances reported to date are reached
for a passive phase shifters with comparable size.

Il. THEORY

Phase control can be obtained by tuning the lumped-element
equivalent of atransmission line. Distributed low- or high-pass
structuresina’ or 11 configuration can be used for this purpose.
The capacitance values can be easily varied by using common
FET varactors. Theinductor values could be varied by using ac-
tive inductors, as reported in [15]. Unfortunately, active induc-
tors consume high dc power and increase the circuit and control
complexity, thereby limiting the suitability for wireless applica-
tions. Therefore, we focus on varactor-tuned transmission lines
using spiral inductors with a fixed impedance.

L ow-pass structuresin all configuration, asshownin Fig. 1,
are the best choice for that principle since they require a
minimum number of area-consuming inductors. Neighboring
varactor capacitances can be combined. Furthermore, the
distributed phase shifter with II low-pass structures allows
minimum bias complexity. The anodes of the varactors are
grounded without requiring additional bias circuitries. All cath-
odes of the varactors are connected by the inductors. Therefore,
the control voltage has to be fed into only one inductor node
of the whole distributed phase shifter. By varying the cathode
voltage potential, a positive voltage can be applied within the
main control range.

In the following, we want to investigate the characteristics of
one Il low-passelement. The A BC D matrix for the elements of
the IT low-pass structure, normalized to the characteristic wave
impedance Zy, is given by [19]

A B| |1 o]|1 jxz|| 1 o @
c D| |jve 1llo 1 ||jve 1
T Ye(2-YcXL) 1-YcXg
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with
1 1
X = — =
“T Y. wCZ )
and
1 wl
X = Y.~ Zo 4)

as the normalized impedances of the capacitance and induc-
tance, respectively. The transmission term .S5; of the scattering
matrix can be calculated by

2

Spp=—
1TAYB+C+D

©®)
- = G
2(1 = YeXr)+ (X +2Ye — YEX1)
The corresponding transmission phase 21, which is equa to

the characteristic length of a equivalent transmission line, can
be calculated by

[YEXL —2Ye - X 0
2 (1 - YCXL)

If we neglect resistive parasitics, lossless transmission and per-

fect match at the center operation frequency, f, demands

A+B-C-D

w21 = tan™

Pul= X B+c+D " ®
and
—-A+B-C+D
Soo| = = 9
522l = X B+ Cc1D ©
Solving of (8) or (9) gives
B=C (10)
since A = D, asshown in (2). Thus, we get
_ 2Yep
Lo =7 +Yc2*,0 (11)

with the inductor impedance X 1, o and the center capacitor ad-
mittance Y¢ o at f,. Using (11) and (7) gives

YC70 = —tan (%) .

The center transmission phase 21 ¢ is the transmission phase
obtained at X o and Y¢ 0. By using (12) and (11), we get

(12)

X[ﬁo = — Sin((pgljo). (13)
For our low-pass structure, (12) and (13) are valid for 0 >
21,0 = —90. The impedance X, o is fixed, whereas Y can
be varied from Y iy t0 Yo max With the capacitance-control
ratio
Cmax YC max
rTC = S = -
© C(min YC min

To reach a symmetrical variation of Y around Y¢ o, we can
define

(14)

YC max — YC,O VaKel (15)

and

YC min — (16)
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Fig. 2. Transmission phase-control range Ay, versus characteristic length
p21,0 Capacitance-control range r at the center operation frequency of one
low-pass section assuming ideal elements.

which isagood compromise between high transmission phase-
control range and low transmission loss due to reactive mis-
match. The phase-control range of oneideal 11 low-pass section
is then given by

Apar = |21 (Yo max) — 921 (Yo min)| (17)

" Y02707’CXL,0 —2Yco/rc — XL o
2(1—=YeoyreXrp)

YC%?()XL,O 2YC70 X
- — — L0
—tan! e e
9 <1 _ YC,OXL,O>
\TC

(18)

The transmission phase-control range versus capacitance-con-
trol ratio and center transmission phaseisillustrated in Fig. 2.

The phase-control rangeisincreasing with increasing charac-
teristic length, demanding increasing values of the lumped ca-
pacitances and inductances, as shown in (12) and (13). In this
case, the resonance frequency of the structure

(19)

around which maximum phase variations are obtained is de-
creasing. Thus, the distance between the operation and reso-
nance frequencies is decreasing. Unfortunately, close or above
the resonance frequency, the signal is attenuated due to the low-
pass characteristics. Therefore, a compromise between max-
imum transmission phase-control range and minimum transmis-
sion loss has to be found for a given capacitance-control range.
The minimum transmission 0SS Sa1 max, Obtained at f; and
21,0, €Quals zero because ideal elements are assumed. Due to
the reactive mismatch, transmission loss is created. The max-
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Fig. 3. Maximum transmission 10ss Sz min due to reactive mismatch versus
characteristic length ¢, o and capacitance-control range r at the center
operation frequency of one low-pass section assuming ideal elements.

imum transmission lossisobtained at Y . Sincethe low-pass
effect of the structure is maximum at maximum capacitance

SQl,min = 521 (YC Inax)- (20)
Using (6) gives the relation
SQl,min
_ 2
\/4 (1 _YC InaxXL,O)2 + (XL,O +2YC max _Yé max)(ﬁ,o)2
(21)

With (15) and (16), we can write (22), shown at the bottom of
this page. For the maximum transmission-loss variation, we can
write

ASQl = [521,max - SQl,min[ = [521,111in[ . (23)

The maximum transmission loss versus characteristic length
and capacitance-control range is shown in Fig. 3.

I1l. MMIC DESIGN

A phase shifter at the C-band was designed to verify the pro-
posed phase-shifter principle. A characteristic length of approx-
imately —50° at the center frequency of 5.5 GHz was chosen for
each low-pass element since this value is a good compromise
between low loss and high phase control for capacitance-con-
trol ranges typically provided by common MESFET varactors.
At a capacitance-control ratio of three, the theoretical transmis-
sion phase-control range and transmission loss of one element
are approximately 30° and 0.15 dB, respectively. The required
inductor and center capacitance values for a characteristic wave
impedance of 50 €2 are approximately 1.2 nH and 0.3 pF, re-
spectively. They were calculated using (3), (4), (12), and (13).
In practice, the capacitance-control ratio and transmission phase
control are degraded by the capacitive parasitics of the induc-
tors. Beside the low-pass characteristics of the lumped-element

2

SQl,min =

(22)

\/4 (1-YeoyreXro) + (-X 1,0+ 2Yco/re — Y@ greX L,O)
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Fig.4. Varactor-tuned transmission-line phase shifter consisting of 16 lumped
low-pass elementsin all configuration. Chip sizeis 1.4 mm x 0.6 mm.

equivalent of the transmission line, the transmission loss is de-
termined by the quality factors of the inductors and varactors.

The circuit was fabricated using the commercial Triquint
TQTRx GaAs MMIC process, featuring MESFETSs with gate
lengths of 0.6 pxm and transit frequencies around 18 GHz.
Deep depletion-type FETs (G-FETS), which provide a capaci-
tance-control ratio of approximately three, are used asvaractors.
A relatively high number of 16 cascaded low-pass elements
was used to guarantee a phase shift of 360° within a sufficient
frequency bandwidth. The dc control voltage Vi isfed into one
inductor nodeby usingahigh-ohmicresistor, thereby connecting
all cathodes of the varactors. The anodes of the varactors are
grounded. The quality factor @ of the varactors are increasing
with increasing V. At 5.5 GHz and control voltages of 0 and
5V, the quality factors are around 14 and 32, respectively. The
Q of the inductors is approximately 23.

A inductor—resistor—capacitor (LRC) II-type equivaent cir-
cuit was used to model the inductors. The varactors were mod-
eled using asimpl e series connection of avoltage-controlled ca-
pacitor and avoltage-controlled resistor. The grounding connec-
tions have a strong influence on the phase characteristics. They
have been simulated using a simple transmission-line model.

A photograph of the MMIC chip having a chip size of only
1.4 mm x 0.6 mm is shown in Fig. 4. The GaAs chip costs of
one circuit in mass fabrication are approximately 0.6 USS.

IV. RESULTS OF MMIC PHASE SHIFTER

The circuit was measured on-wafer using an HP 8510B
network analyzer. The measured and simulated transmission
phase control, transmission loss, and return losses are shown
in Figs. 5-7, respectively. Excellent results are obtained from
45t0 6.5 GHz.

Within a measured phase-control range of 360°, the mea
sured transmission losses at 4.5, 5.5, and 6.5 GHz are 3.6 dB +
18dB (Vo = —-04V,...,5V),39dB + 15dB (Vo =
—0.25V,...,5V),and4.5dB + 1.6dB (V- =0.1V,...,5V).
The transmission loss and phase-control range are increasing
with increasing frequency since the distance between the opera-
tion and resonance frequenciesisdecreasing. Thus, thelow-pass
effectisincreasing. A similar effect can be found for decreasing
Ve sincethe capacitanceisincreasing and the low-pass effect is
asoincreasing.

The measured return losses are higher than 10 dB. A 1-dB
input compression point of higher than 12 dBm was measured.
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Fig. 5. Measured transmission phase versus control voltage and operation
frequency of the phase shifter.
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3 B tiad
K 2 TPSELE

Si1, Sap [dB]
&
o

-40 —— l —f— f=4.5GHz, meas
50 A5 M- =45GHz, sim
A —&—f=5.5GHz, meas
-60 ---#-- £=5.5GHz, sim
.70 —&—{=6.5GHz, meas
---&-- f=6.5GHz, sim
-80 f T
-1 0 1 2 3 4 5 6
Control voltage [V]
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TABLE |
CALCULATION ASSUMING IDEAL ELEMENTS, SIMULATION, AND
MEASUREMENT OF PHASE-CONTROL RANGE AND
MAXIMUM TRANSMISSION LOSS AT 5.5 GHz

Ideal Calculation | Simulation Measurement
Phase control range 480° 415° 410°
Maximum transmission loss 2.4dB 5.7dB 6dB

The control linearity (function of phase versus control
voltage) is good, keeping the resolution requirements and costs
for the DAC low.

Good agreement between the measured and simulated re-
sults are obtained for the transmission phases and transmission
losses.
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TABLE 11
COMPARISON OF CONTINUOUSLY ADJUSTABLE PHASE-SHIFTER MMICs
Ref. Phase Band- Gain/ Power | Control Circuit areal Principle
control width Ripple supply | voltages Technology
18] 90° 4GHz- -1.2dB ~0mWwW 1 0.5mm’ Lumped element
6GHz +0.5dB 0.6u GaAs MESFET transmission line PS
[14] 90° 40GHz- -4dB ~0mW 2 1.5mm”’ RTPS with
60GHz +0.4dB 0.3u GaAs PHEMT complementary bias
[13] 180° 12GHz- -3.6dB ~0mW 1 3mm’ All pass network type PS
14GHz +1.1dB 0.3u GaAs MESFET using two A/4 lines
[11 210° 6.1GHz- -5.3dB ~0mW 1 0.9mm? RTPS
6.3GHz + 1.4dB 0.6u GaAs MESFET
[15] 225° 4.7GHz- -0.6dB >100 1 0.1mm* RTPS using active
6.7GHz | +0.2dB mw 0.1u InP HEMT inductors
116] 360° 5GHz- -4.4dB ~OmW 1 n. a. large Tuned CPW PS
20GHz +0.6dB GaAs Schottky Diode
110] 360° 2.38GlI1z- 2dB >90mW 2 2.3mm’ Active variable resonant
2.42GHz | +£0.7dB 0.3y GaAs MESKFET circuit
[7] 360° 4.8GHz- 0dB 9mW 3 2.4mm’ Active vector modulator
5.8GHz n.a. 0.6u GaAs MESFET
8] 360° 5.1GHz- 0.6dB 10mW 3 1.3mm’ Active vector modulator
5.3GHz n.a. 0.6u GaAs MESFET
191 360° 4.7TGHz- -9dB ~0mW 3 Imm? Passive vector modulator
5.7GHz n.a. 0.6u GaAs MESFET
[12] 360° 5.15GHz- | -6.4dB ~0mW 1 0.9mm’ RTPS
5.7GHz + 3dB 0.6u GaAs MESFET
117] 360° 75GHz- -5dB ~0mWw 1 n.a. Distributed
110GHz n.a. MEMS transmission line PS
This 360° 5GHz- -4dB ~0mW 1 0.8mm’ Lumped clement
work 6GHz +1.7dB 0.61 GaAs transmission line PS
MESFET

A comparison of the calculated, simulated, and measured
phase-control range and the maximum lossis shown in Tablel.
Again, we can see the good agreement between simulation
and measurement. For the ideal calculation, as discussed in
Section 11, the varactors and inductors have been assumed to
be ideal. Thus, only the transmission loss due to the reactive
mismatch is considered. Due to the resistive parasitics of the
varactors and inductors, the measured maximum transmission
loss is higher than the calculated one. Furthermore, the mea-
sured phase-control range is smaller than the simulated one
since the effective capacitance-control range of the varactorsis
decreased by the parasitic capacitances of the inductors.

In Table I, key results of this study are compared with other
studies using different active and passive topologies. In com-
parison, the phase shifter presented in this study has excellent
performances and requires only a small circuit area.

V. CONCLUSION

The design of a varactor-loaded transmission-line phase
shifter using lumped elements has been discussed in this paper.

An ultra-compact MMIC phase shifter at the C-band has
been realized to verify the proposed topology and design
procedure. The passive MMIC allows a continuously adjustable
phase control of 360° with only one control voltage within a
frequency range from 4.5 to 6.5 GHz. A low transmission loss
with moderate loss variation and excellent large-signal per-
formances have been measured. The control linearity is good,
keeping the requirements for the DAC low. To the knowledge
of the authors, the best performances reported to date have been
reached for a passive phase shifter with comparable size.

Due to its excellent performance, simple design, low chip
costs, and low control complexity, the presented C-band
phase shifter is very well suited for commercia applications.
The MMIC is a potential candidate for wireless adaptive
antenna transceivers, operating in accordance to the 802.11a,
HIPERLAN, and HiSWANa standards.
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